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The accuracy of bathymetry grids used in the numerical modelling of gravel-bed rivers has been identified as a 
potential limiting factor to the accuracy of the model output. This paper addresses the creation of two-dimen- 
sional rectangular grids from irregular data for gravel-bed n’vers. A procedure based on the kriging algon’thm is 
presented. The major features of the procedure are the detrending of the data, the addition of extra knowledge 
from sources such as photographs and site visits, as well as the use of the model semi-uariogram. The 
calculated grid residual variance is significantly lower when the procedure is followed than when the kriging 
method is applied in a “black-box” fashion. 0 1997 by Elsevier Science Inc. 
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1. Introduction 
In the last decade the use of numerical models in environ- 
mental science and impact assessment has increased 
greatly. While originally used for the study of physical 
parameters such as flow patterns, sediment, and pollution 
transport there is now an increasing interest in using 
hydrodynamic models for habitat modelling.’ The two 
main areas influencing the accuracy of the model solu- 
tions are the assumptions in the model code and the 
definition of the problem domain. Recently the caliber of 
the models and the increasing complexity of the problem 
being investigated has meant that the definition of the 
problem domain is becoming the limiting factor. This 
concern was raised by a number of researchers at the 1996 
Eco-Hydraulics Conference in Quebec.2v3 
The importance of accurate model grids is probably 
most clearly demonstrated in the two-dimensional mod- 
elling of braided rivers at low flows. The grid of bed 
elevations will determine what braiding pattern the model 
will predict. If the relative channel depths in the model 
grid do not match those in the river, then the predicted 
flows cannot match the true flows. The grid sizes neces- 
sary to capture the details of a braided river are likely to 
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be in the order of 1-5 m, smaller than those used in many 
other environmental applications (e.g., coastal and river 
flood-plain modelling). 
The Selwyn River, a braided channel on New Zealand’s 
Canterbury plains, provides a typical example (Figure I>. 
Figure 264) shows the predicted flows (depth-averaged 
velocity times water depth) in a cross-section of the 
Selwyn River. Three different resolution bed topography 
grids (IO, 5, and 2 ml were modehed using the explicit 
finite volume model 2DE4 with identical boundary and 
initial conditions. The 2-m-square grid produces flow, at 
offset 120 m, in a channel not used in the coarser models. 
The variations in the bed topography across the section 
for the three grids (Figure 2(B]) shows a corresponding 
change in relative channel depths for the 2-m grid. From 
the bed cross-section it appears as if there should be flow 
in the 260-m offset channel as it is of similar depth to the 
300-m offset channel. The upstream conditions of these 
two channels are quite different; the 300-m offset channel 
is a continuation of a low flow channel, while the 260-m 
offset channel is an isolated pool under low flows. It is 
clear from this example that the topography definition 
governs the predicted flows. 
Accurate bathymetry grids are also important at the 
larger scales of estuarine and coastal modelling. For inter- 
tidal estuarine modelling it is critical that the network of 
low-tide channels through the intertidal flats are well 
represented. During recent modelling of a continential 
shelf5 it was found that a headland in the computer- 
generated 1,500-m bathymetry grid had to be extended by 
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Figure 1. Location map showing the Selwyn River and the 
North Ashburton River. 
three model cells to obtain an accurate coastline repre- 
sentation. 
To use two-dimensional hydrodynamic models in re- 
searching physical and biological issues in braided gravel 
bed rivers at low to median flow it is necessary to have 
confidence in the accuracy of the bathymetry grids. This 
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Figure 2. A cross-section of the Selwyn river showing (A) 
numerically predicted flows and (6) bed topography for three 
different resolution grids. 
paper concentrates on developing a gridding procedure 
for a gravel-bed river where the flow depth is greater than 
the average bed material diameter, i.e., where there are 
few or no protruding boulders at the flow conditions being 
considered. 
2. Gridding methods 
Before the gridding procedure is presented some informa- 
tion on the geostatistical methods employed in spatial 
interpolation work are required. Geostatistical methods 
differ from conventional statistics in that they assume that 
data points are correlated spatially rather than being 
independent. These methods are most commonly based 
on linear weighted averages: 
Ej = ; wijZi (1) 
i=l 
where Ej is the interpolated grid value, often denoted the 
estimate, N is the number of points used in the interpola- 
tion, Zi is the elevation at the ith data point, and wij is 
the weight associated with the ith data point when com- 
puting Ej. 
The weights are based on a function of distance be- 
tween the points and vary from 0 to 1. The sum of the 
weights on all the points used in the estimate calculation 
must be 1. If the weight on a sample point that exactly 
coincides with a grid node is 1, then the scheme is an 
exact interpolator. It should be noted that even in an 
exact interpolation scheme a data point will not be exactly 
honored if it does not coincide with a grid node. 
For the purpose of creating accurate bathymetry grids 
the interpolation method used needs to be able to handle 
large data sets and should exactly honor the sampled data 
points where possible. The two commonly used methods 
meeting these criteria are triangulation and ordinary 
kriging.6 
2.1. Triangulation 
Triangulation creates triangles by drawing lines connect- 
ing data points in such a way that no triangle edges 
intersect. This results in a patchwork of triangular faces 
over the extent of the grid. The value of the grid node is 
interpolated across a plane joining the vertices of the 
triangle. The contours may look triangular if the data 
density is low. As only the original data points are used to 
create the triangles this is an exact interpolator. The main 
drawbacks of triangulation are that it works best when 
there is an even distribution of data, it only uses three 
values in the interpolation, and it cannot be used for 
extrapolation. However this method is computationally 
fast and is also very good at preserving sudden changes in 
topography. 
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2.2. Ordinaly kriging 
Ordinary kriging is often associated with the acronym 
B.L.U.E., “Best Linear Unbiased Estimator.“7 It is con- 
sidered the best as it aims to minimise the residual vari- 
ance (a:) of the grid. Kriging is a complex and flexible 
method that should not be used without an understanding 
of the technique.* Kriging is based on stationary random 
functions, with the two important conditions for stationar- 
ity being that’ (1) the expected difference between two 
points (xi, xi) separated by horizontal distance h is zero, 
and (2) the variance of the difference depends on h not 
on x. 
Given n measurements we can estimate the value at a 
grid node by using a weighted linear combination equa- 
tion (1). As stated above the kriging method aims to 
minimise the residual variance. To give an unbiased esti- 
mate the following condition must hold 
n 
cwi=l 
j-1 . 
This will, however, result in n + 1 equations but only n 
unknowns, which is difficult to solve. This can be over- 
come by introducing another unknown to the equation7 
CL, a Lagrange parameter. This will convert a constrained 
minimisation problem into an unconstrained one, in such 
a way as not to change the equality. This will yield n + 1 
unknowns as given by equation (3) below: 
n 
C wjTij - P” = ?iO Vi= 1 ,...,n (3) 
j=l 
where wj is the weight associated with data point j, p is a 
Lagrange parameter for converting a constrained minimi- 
sation problem into an unconstrained one, n is the num- 
ber of data points used in the interpolation, yij is the 
model semi-variogram value for the distance between the 
ith and jth data points; and TiO is the model semi- 
variogram value for the distance between the ith data 
point and the estimated grid node. 
Equations (2) and (3) can be rewritten in matrix form 
as 
and the weights can be given by 
w = c-‘-D 
where 
c= 
711 Y12 . . *. Yl” -1 
Y21 Y22 . . . . Y2n -1 
-1 
-1 
Ynl Yn2 . . . * Ynn -1 
1 1 .. . . 1 0 
(4) 
(5) 
Wl 
w2 
y= : 
W?l 
CL 
(7,s) 
The key to kriging’s flexibility is the semi-variogram (r(h)), 
often just denoted as the variogram. The model variogram 
(T(h)) is described by a mathematical expression, relating 
the difference in the dependent values (elevation in the 
case of a river bathymetry grid) of two points a distance h 
apart. A model variogram equation has three parameters: 
scale (Cl, nugget effect CC,), and range (a). These param- 
eters are illustrated graphically in Figure 3. The scale is 
the maximum difference in the dependent value possible 
for two points with a nonzero distance between them. 
Altering the scale will not alter the weights and hence the 
estimate, but it will alter the residual variance.7 The 
nugget effect gives the difference value as the distance 
between two points tends to zero. The nugget effect must 
be zero for the kriging method to be an exact interpolator. 
A nonzero nugget effect also reduces the range of weights 
used in the kriging calculation. If the total variation is 
described by the nugget effect then all the weights have 
the same value. The sill is the total variation in the 
dependent variable possible. It is simply the sum of the 
scale and nugget effect. If the stationarity conditions are 
met, i.e., there is no underlying trend in the data, then 
there will be a separation distance above which the varia- 
tion in the dependent variable is constant. This distance is 
denoted as the range of the variogram. If the range is 
smaller than the minimum separation distance, then all 
the weights will be equal. 
There are a range of mathematical expressions for 
variograms in common use (e.g., Figure 4). The model 
variogram with the estimate (jam,,) accounts for the dis- 
tance of the data point from the estimate. In general the 
greater the distance the more variance and hence the less 
influence it has on the interpolated value. Between data 
points the model variogram (yij> accounts for the cluster- 
Scale (C: 
Nugget 
Effect 
(COl * 
4 . 
Range (a) 
Figure 3. A typical model semi-variogram. The parameters 
used in the mathematical expressions describing semi- 
variograms are illustrated. 
(6) 
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Figure 5. Location of data points used in a sample ordinary 
kriging calculation. The cross indicates the location of the point 
to be estimated. 
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Figure 4. Shapes and governing equations for some of the 
more commonly used model semi-variograms. In all these cases 
the nugget effect (Cc) is zero. 
ing of data by reducing the weighting of points close 
together. 
A sample variogram is defined as half the averaged 
squared difference between pairs of data points separated 
by the distance h. 
y(h) = 2N(h) N(h) I 
-L c (u. -uj)* 
where ui,uj are the data point values and N(h) is the 
number of data point pairs separated by h. The model 
variogram is generally chosen to match the sample vari- 
ogram as closely as possible. 
Figure 4 gives the shape and equation of the most 
commonly used model variograms. According to McBrat- 
ney and Webster,’ from variance considerations, the vari- 
ogram model must be conditional negative semi-definite 
(CNSD), with the condition being the sum of the weights 
equals zero. Negative semi-definite means that a function 
f(h) < 0 for all h and f(h) = 0 for some h. The spherical 
model is CNSD in one, two and three dimensions, and the 
circular is CNSD in one and two-dimensions. However the 
linear model is only CNSD in one dimension and there- 
fore should not be used for a two-dimensional data set 
regardless of its fit to the sample variogram. 
To illustrate how the kriging method works and the 
roles played by the C and D matrices a sample calculation 
follows. Five data points from a 10 X 10 m region of the 
North Ashburton River (data set used below to illustrate 
the gridding procedure) were chosen, and a sixth point 
was added to illustrate the effect of clustering (Table I, 
Figure 5). The point to be estimated (266.5,72.5) was 
chosen to be approximately equidistant from points 1,4, 5, 
and 6, with points 4 and 6 being clustered near each other. 
An exponential model variogram model (Figure 4) was 
arbitrarily chosen with parameters C, = 0, C = 0.1, and 
a = 4. Using the variogram equation y(h) = O.l(l - 
e-0.25h) and the distances given in Table 1 it is possible to 
calculate the C and D matrices. 
Table 1. Coordinates of the six data points used in an ordinary kriging method sample calculation 
Distance from (m)* 
No. x Y z Estimate 1 2 3 4 5 6 
1 265.33 73.83 51.17 1.771 0.000 3.639 7.930 3.432 2.813 3.338 
2 261.70 73.57 51.22 4.918 3.639 0.000 2.709 6.374 6.442 5.980 
3 261.38 70.88 51.09 5.370 4.930 2.709 0.000 6.295 7.328 5.721 
4 267.66 71.31 51.11 1.662 3.432 6.374 6.295 0.000 2.448 0.640 
5 268.14 73.71 51.20 2.038 2.813 6.442 7.328 2.448 0.000 2.903 
6 267.10 71 .oo 51.15 1.616 3.338 5.980 5.721 0.640 2.903 0.000 
*The distances of each data point from the estimate location and each other data point are given. 
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The C matrix, using the distances between data points, 
is 
The 
0 0.0597 0.0708 0.0576 0.0505 0.0566 -1.0000 
0.0597 0 0.0492 0.0797 0.0800 0.0776 - 1 .oooo 
0.0708 0.0492 0 0.0793 0.0840 0.0761 - 1 .oooo 
C = 0.0576 0.0797 0.0793 0 0.0458 0.0148 - 1 .oooo 
0.0505 0.0800 0.0840 0.0458 0 0.0516 - 1 .oooo 
0.0566 0.0776 0.0761 0.0148 0.0516 0 - 1 .oooo 
1.0000 1.0000 1.0000 1.0000 1.0000 1.0000 0 
D matrix, which uses the distances to the estimate, is 
The 
DT = [ 0.0358 0.0708 0.0739 0.0340 0.0399 
weights are given by w = C-r .Q are 
yT= [wl w2 w3 w4 w5 w6 p] 
= iO.3414 0.0022 0.0224 0.1654 0.2008 
The seventh value (~1 is the Lagrange parameter, the 
value of which is not used in the calculation of the 
estimate. 
Finally the estimate of the bed height at (266.5,72.5) is 
calculated from the weights and the elevation of the 
surveyed data. 
z CSI = 2 wizi (13) 
i=l 
= 0.3414(51.17) + 0.0022(51.22) + 0.0224(51.09) 
+ 0.1654(51.11) + 0.2008(51.2) 
+ 0.2678(51.15) 
= 51.159 m. 
Points 4 and 6 are the closest to the estimate location and 
accordingly have the lowest variance values in D. However 
they do not have the largest weights, as expected under an 
inverse distance-type scheme because of their close prox- 
imity to each other. The effect of the C matrix is to give 
point 1 the largest weighting, even though it is the third 
furthest from the estimate, as it is clear of the influence of 
other points. 
3. Gridding procedure 
The gridding procedure presented here is based on the 
ordinary kriging method. The reasons why this method 
was adopted over the triangulation method are: 
triangulation works best with regularly distributed data, 
and although this is likely to be the case for remotely 
sensed data it is less likely in ground surveyed areas; 
triangulation only uses three points in the interpolation, 
and kriging can use any number, with 12-15 being 
recommended; 
Kriging aims to minimise the residual variance and 
allows confidence intervals to be calculated; and 
the variogram model allows spatial structure to be 
accounted for. 
0.0332 1 .OOOO 1
0.2678 0.0008 1 
(10) 
(11) 
(12) 
The gridding method presented is illustrated using data 
collected from the North Ashburton River (Figure I), 
which drains 300 km2 of steep greywacke terrain in New 
Zealand’s Southern Alps. Mean annual rainfall in the 
catchment is 1,400 mm.” The mean annual low and flood 
flows are 3 m3/sec and 209 m3/sec, respectively. The 
study reach, spanning 500 x 150 m, has a local slope of 
0.9% and d,, of 60 mm. It has a single output channel and 
diverges in places into as many as four channels. To 
maximise the use of high-density remotely sensed data the 
survey was carried out at low flow. Digitally processed 
vertical aerial photogrammetry was used to obtain data 
with 60 mm vertical accuracy and 1.6 m horizontal density. 
The channel areas were surveyed at irregular intervals 
using an infrared theodolite. The study reach has a slight 
bend so that areas of the unsurveyed flood bank are 
included in the final grid. Six steps were followed: de- 
trending, editing, structure definition, gridding, variance 
assessment, and finally adding back in the trend. 
3.1. De&ending 
Ordinary kriging is unable to handle drift (a trend in the 
data). This violates the random function stationarity as- 
sumption used in the derivation. Physically it means that 
the variance always increases with distance and that the 
model variogram will never reach a constant sill. The 
universal kriging method has been developed to allow for 
drift in the data,* but it does not allow the spatial struc- 
ture to be assessed with variograms. To keep the control 
and flexibility of using model variograms we fell it is 
preferable to remove the trend and use ordinary kriging. 
With a gravel-bed river the dominant drift is most 
likely to be the reach slope (x-direction). In some cases 
the cross-reach slope (y-direction) can also be significant. 
In either case to a good approximation it is linear in the 
X- and/or y-directions. By using a least squares plane 
fitting procedure it is possible to calculate a planar sur- 
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face through the data that accounts for both the reach A 
and cross slopes. The plane, which is defined by a function 
of x and y, can be subtracted from the sample data and 
added back to the final grid. Figure 6fN shows a three- 
dimensional projection of the North Ashburton data. The 
areas around the edge where no data were collected are 
obvious; the flat plateau region at the river bed level is a 
product of the triangulation method” used to create the 
surface plots. The concave edge of the surveyed data (see 
Figure 8) was not followed. Instead the straight edge 
defining the plateau was added. The reach or valley slope 
dominates the planar surface (Figure 6[B]), from which a 
slight cross-valley slope has been removed. The detrended 
data is shown in Figure 6(C). This gives the false impres- 
sion of a remaining trend because the left-hand corner is 
in a channel while the right-hand corner is on a bank, and B 
also because of the height of the labeled bar. Again a 
plateau was added by the triangulation method. 
8 1 
, 
D / / 
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The sample variogram for the original (i.e., not de- 
trended) North Ashburton data set (Figure 7(A]) shows 
that the variance increase significantly with distance trav- 
elled. The maximum variance is approximately 8.5, and it 
is caused almost entirely by river reach slope. Removing 
the planar trend means that the sample variogram (Figure 
7031) is reasonably constant except over the 450-520-m 
distance range. The maximum variance is now only 0.25 
and corresponds to the bar that can be seen in Figure 
I L 
0. IJ 
t ,-‘I 
_I , 1 
Figure 7. Plots of sample and model semi-variograms for (A) 
the original North Ashburton data and (B) the detrended North 
Ashburton data. 
-----Bar 
6(C). Although the final spike in the detrended sample 
variogram prevents the model variograms from reaching a 
constant sill, they have small slopes. The other important 
difference between the two sets of model variograms is a 
nonzero nugget effect used for the detrended variograms. 
This is to account for the rapid increase in variance over 
the first 20 m in the sample variogram. A nonzero nugget 
effect means that kriging will no longer be an exact 
interpolator. The approximately 50-mm nugget effect is 
inside the 60-mm vertical accuracy of the photogrammetry 
and therefore, while it should not be ignored, is not a 
significant concern. 
3.2. Editing survey data 
Some editing of the photogrammetric surveyed data was 
necessary to define areas that were above the flood bank 
level, covered in vegetation, or under water. In some cases 
rotating the reference system may reduce the number of 
such areas in the final grid. The kriging method will 
calculate the grid node values in these areas using the 
nearest surveyed neighbors, which could be some distance 
away or in a different regime. Obviously this approach 
Figure 6. Three-dimensional projections of (A) the original could smooth out important features like channels, bars, 
North Ashburton surveyed data, (B) the planar surface describ- and flood banks. 
ing the drift fitted by least squares, and (C) the detrended North In many cases there are known reasons why areas have 
Ashburton data. not been surveyed (e.g., vegetation covered banks), and 
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the final grid would benefit from the inclusion of such 
information. Often extra knowledge on the site bathymetry 
can be obtained from photographs, particularly the verti- 
cal aerial photography used in remote sensing, and from 
site visits. This knowledge can be added to the gridding 
process by defining polygons of constant values and filling 
them with points at the same spatial density as the rest of 
the survey. It is important to define these new points at 
the same spatial density as the original data so that it is 
given a similar weighting in the interpolation process. As 
all the structure information in a river is relative to the 
channels it is simpler to add it once the trend has been 
removed. 
Figure 8 shows the location of the data points in the 
North Ashburton and the polygons defining areas where 
there was little or no data and extra information needs to 
be added. Once regions with no data were identified, 
photographs and the knowledge of the ground survey 
teams could be used to assess the relative heights of these 
and surrounding areas. With relative heights and the 
detrended data point elevations it is possible to intelli- 
gently infer the elevations of the unsurveyed regions. The 
polygons defining the flood banks are at an elevation of 
0.9 m in the detrended coordinate system. Also identified 
were two areas where a significant channel was not sur- 
veyed fully. Just interpolating these regions would cause 
much shallower channels and hence greater flows in other 
areas of the bed. Three small channels containing almost 
stationary water of depth < 0.15 m and an area of bar 
were also identified. The area of bar had a thin cross-flow, 
which was not considered significant enough to ground 
survey but prevented it from being remotely surveyed. The 
remaining areas with no data have small elevation differ- 
ences, and it is considered that interpolation from sur- 
rounding data will be sufficiently accurate. 
3.3. Study spatial structure 
With ordinary kriging the spatial structure is accounted 
for in the model variogram. The next step is to calculate 
the sample variogram and alternative model variograms. 
Figure 9 shows the variograms calculated for the de- 
trended, polygon-filled North Ashburton data set. The 
sample variogram reaches a fairly constant value within 
100 m, and the model variograms, with the exception of 
the circular model, also reach a constant sill within 100 m. 
The added flood bank information is responsible for the 
marked decrease in range over the variograms shown in 
Figure 7(B). The nugget effect also decreased once data 
were added for the unsurveyed regions. The spherical 
model would be the best choice as it follows the steep 
increase of the sample variogram well, represents the 
median value of the sample sill, and is valid in two 
dimensions. 
Another commonly used parameter in kriging is 
anisotropy, which defines different spatial structures in 
different directions. This can be implemented by having 
either different variograms for different directions or by 
using a search ellipse to choose the neighbors instead of 
selecting the nearest 12-15. We have not implemented 
anisotropy because, although there may be changes across 
the reach, the braids do not maintain a constant direction 
and an anisotropic direction will not be valid for all of the 
data. 
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Figure 8. Plot of the North Ashburton data set. Vertical aerial photogrammetry data are shown by crosses, and the channel data 
shown by dots. Polygon regions needing extra data are shown divided into four classes. 
are 
Appl. Math. Modelling, 1997, Vol. 21, November 705 
Rectangular bathymetry grids: G. S. Carter and U. Shankar 
D 100 200 300 400 500 
~ ------rpherr CPI ----- ElrCYIar 
--- .~~~~ c”po”c”, i BI - - --(Ia”IIIan 
- --Inncar ->ramp,e 
Figure 9. The sample and model variogram of the detrended 
North Ashburton data that has had additional information added 
to unsurveyed areas. Note that the linear and spherical models 
have the same sill value. 
3.4. Gridding 
With the variogram model and parameters chosen and 
additional spatial data added the data were gridded. For 
the purpose of gridding a gravel-bed river the only other 
parameter needed is the grid cell size. No matter how well 
the variogram model has been chosen a bathymetry grid 
capturing all the bed detail is not possible if the interpo- 
lated values are too far apart. The Nyquist period,‘* which 
states that a sampling period of T =S 1/2f (f is frequency) 
will accurately record the period of all periodic functions 
with frequency greater than 2f, can be used as a guide to 
choosing the cell size. The finer the sampling period the 
more accurate the amplitude information recorded. Ap- 
plied to gravel-bed river gridding the Nyquist criterion 
means that the maximum cell size should be half the 
width of the smallest channel considered significant in the 
model study. Ideally there should be three or four grid 
nodes across these channels. In large rivers or coastal 
situations the cell size may be governed by the size of flow 
anomalies, such as eddies, which you wish to be able to 
model. A cell size of 2 m was used for the North Ashbur- 
ton study area. 
3.5. Assess the variance 
The kriging method aims to minimise the residual vari- 
ance and consequently allows the variance to be calcu- 
lated. The model residual variance is derived from 
random function considerations.’ In terms of the semi- 
variogram it is given 
n n n 
UR 
- 2 = 2 C WjTj() - C C wiwjirj (14) 
i= 1 i=l j=l 
A more computationally efficient method avoids the n2 
terms of the double integral.’ Multiplying each of the n 
equations given by equation (31 by wi, and then summing 
gives 
n n n n 
CwiCwj?ii= Cwi?jO+ CwjP 
i=l j=l ’ ’ i=l i=l 
Since the weights sum to 1, 
n n n 
C C wiwj?ij = C wiYiO + CL 
i-1 j-1 i=l 
(16) 
(17) 
Substituting this into equation (141 eliminates the double 
integral, giving the model residual variance as 
n 
GR’= cwiqiyio-p (18) 
i=l 
A 95.5% confidence limit on the grid node values is given 
by the estimated value f twice the square root of the 
variance (G,‘) if the variance is assumed to be normal.8 
Therefore the lower the variance the higher the confi- 
dence in the estimate. Areas of high variance may benefit 
from the addition of more data (Section 3.2). If the 
variance is high everywhere, a different model variogram 
may be appropriate (Section 3.31. 
The residual variance gives an objective means of com- 
paring the grid produced using the procedure outlined 
above and by using the defaults in a readily available 
statistical package. Table 2 presents variance summary 
statistics for three grids of the North Ashburton data set. 
The first grid uses the original data and a linear vari- 
ogram. The second is based on the detrended data set and 
uses the circular model variogram of Figure 7(B). Finally 
the variance statistics from the grid produced by following 
the procedure outlined in this paper are given. A maxi- 
mum variance of 1.89 from gridding the original data 
corresponds to a 95.5% confidence interval with a range 
of +2.75 m centered on the estimated value. These high 
variance values occur in the flood bank region. The statis- 
tics show that dramatic reductions in the residual variance 
can be achieved by the intelligent application of the 
kriging technique. In particular efforts made to meet the 
stationarity assumption of ordinary kriging by detrending 
the data caused a 30-fold reduction in the maximum 
variance. Adding extra knowledge about the site not only 
caused a further 50% reduction in residual variance but 
also ensures that important features such as flood banks 
are defined accurately. 
Table 2. Summary statistics for the residual variance from 
grids calculated from the North Ashburton data set 
Minimum 
Maximum 
Mean 
Standard deviation 
Original Detrended 
data data 
0.001 0.045 
1.890 0.060 
0.280 0.048 
0.402 0.003 
Detrended and 
edited data 
0.009 
0.028 
0.012 
0.002 
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3.6. Add the trend back 
Finally the valley and cross-slope information contained in 
the planar trend from Section 3.1 must be added back in. 
4. Discussion 
Although this paper addresses the issue of producing 
rectangular grids for numerical modelling of gravel-bed 
rivers a number of the concepts are applicable to other 
fields, such as coastal and flood plain research. The coastal 
and flood plain environment is probably smoother and 
therefore usually is considered at a larger scale. Having 
said that, areas like headlands and flood protection works 
may have sharper boundaries than normally found in 
gravel-bed rivers. It is possible to limit the search for data 
used in kriging calculations to that in a similar environ- 
ment, e.g., land above a headland. These barrier lines, as 
they are known in ARC/INFO,’ are equivalent to break- 
lines in triangulation. 
The issue of determining the change in sand volume 
along a shoreline13 may benefit from the application of 
the method outlined in this paper. The basic idea is to 
grid survey elevations of a beach in order to calculate a 
volume under the surface, relative to some datum, and to 
compare it to prior or subsequent surveys. The kriging 
method has a major advantage over other techniques in 
this application as it calculates residual variances and 
hence confidence intervals over the grid. It may be possi- 
ble that temporal changes in the spatial structure can also 
be detected by comparison of the semi-variograms. 
While the removal of a linear trend was very successful 
for a gravel-bed river reach such as the North Ashburton 
illustrated above, other situations may well have a more 
complex underlying trend. The calculation of local slope 
at a river confluence or bifurcation may well be influenced 
by geographical features that lie between the two rivers. 
In this case the best approach would be to select a subset 
of the data that is representative of the river slope and to 
detrend the data set on the basis of that. Unfortunately in 
such cases the selection of the subset is important to 
getting a good detrended data set, and other independent 
sources of slope can be used to validate your choice of 
subset. Estuarine environments could have a complex 
underlying shape. There are algorithms around for calcu- 
lating higher order two-dimensional trends, however, cau- 
tion should be used because like one-dimensional curves 
fitting higher functions will oscillate between points and in 
areas of no data. Although the authors have no experi- 
ence in applying this technique to complex environments 
like estuaries it is our feeling that piecewise application of 
linear trends will give a better result. 
Finally the method presented in this paper allows the 
practitioner to add more information to the grid, collected 
by sources other than the topographical survey. For this 
reason, during field surveys photographs should be taken 
of potentially difficult areas. If possible it would be helpful 
if the practitioner could also visit the site. 
5. Summary 
The interpolation of regular grids from irregular data is a 
complex procedure that requires more than just an auto- 
matic application of a geostatistical technique. Significant 
error reduction is possible with a basic understanding of 
the principles underlying the technique. The procedure 
outlined in this paper uses ordinary kriging as it is often 
considered the best linear estimation method, because it 
aims to minimise the residual variances. It also allows a 
residual variance for each grid node to be calculated and 
for confidence intervals to be given. Ordinary kriging is 
based on the assumption of the stationarity of the data, 
i.e., that the expected difference between the values at 
two locations is zero. A river bed will always violate this 
assumption because it has an underlying valley slope and 
sometimes a cross-slope. Over a reach the valley and 
cross-slopes can be considered linear. The removal of a 
planar surface will, therefore, result in the stationarity 
assumption being met and in greatly reduced residual 
variances. 
Often unsurveyed regions will be included in the area 
of the final output grid for a variety of reasons. Relative 
heights between surveyed and unsurveyed areas gained 
from photographs and site visits can be used to intelli- 
gently add data to these unsurveyed regions. As well as 
reducing residual variance this ensures that major fea- 
tures, such as flood banks, are preserved even if they were 
not originally surveyed. In ordinary kriging spatial struc- 
ture is accounted for by way of a model variogram, de- 
scribing the change in variance with distance from the 
estimation point. A number of model variogram expres- 
sions are compared to the variogram calculated from the 
data points. Choice of the appropriate model variogram 
results in the lowest estimate errors. 
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